Objective: Longitudinal growth of children exhibits seasonal variation. In both healthy children and in children with growth hormone (GH) deficiency (GHD) receiving GH therapy, growth rate is maximal during spring and summer. In the present study, we analyzed the growth response to GH therapy in children with GHD as a function of the season when therapy was started. Subjects and methods: Anthropometric measurements and biochemical analyses of GH secretion status and bone formation were longitudinally assessed in a cohort of 52 prepubertal children with GHD (14 girls, mean age 7.6 years) who were treated with a fixed dose of GH (0.025 mg/kg/day). Results: Auxological assessments over the 2-year observation period revealed a significantly better growth response to GH therapy in children who started therapy between the spring and summer (group 1) compared with children who started in the autumn or winter (group 2). The difference was largest in the initial 3-month treatment period (35%; P , 0.01). The initial better gain in height of group 1 was sustained during the study period. Baseline peak GH levels during stimulation tests and insuin-like growth factor-I levels did not differ between the two groups. However, group 1 had significantly higher bone resorption and formation markers, either at the start or shortly after initiation of GH treatment. This suggests that children with GHD have higher bone turnover during spring and early summer, irrespective of GH therapy. Conclusions: In summary, this study suggests that the season of GH initiation is a determinant of the initial growth response to GH replacement in prepubertal children with GHD.
Introduction
Seasonal variability is probably the best-characterised cyclical pattern of human growth (1 -3). As early as 1777, Buffon reported on seasonal variation in growth (4) . Subsequent studies have revealed a biphasic pattern of growth in humans as well as in animals, showing that longitudinal growth is fastest in spring and summer and slowest in autumn and winter (5 -16) . It is assumed that growth regulation is influenced by external factors such as nutrition, light and dark cycle, outdoor temperature and physical activity (17 -20) . However, the exact cause of seasonality in growth still remains unclear.
The hormonal and biochemical influences underlying the annual biphasic pattern of height velocity are unknown. Diurnal and monthly rhythms in the secretion and urinary excretion of growth hormone (GH), insulin-like growth factors (IGFs), and their respective binding proteins (IGFBPs) have been described (21 -24) , but these observations do not satisfactorily explain the changes in height velocity throughout the year. Rudolf et al. found that GHdeficient (GHD) children treated with a fixed standard dose of GH exhibited a similar biphasic growth pattern as healthy children (25) . This finding suggests that changes in growth rate during the year may reflect not only differences in GH secretion but also alterations in sensitivity to GH. The aim of the present study was to investigate whether the growth response to GH therapy in children with GHD is affected by the season when treatment is started. We therefore performed anthropometric measurements as well as analyses of biochemical markers of GH secretion status, bone degradation and bone formation in a cohort of prepubertal children with GHD who were treated with GH.
Patients and methods

Patients
Fifty-two prepubertal children with GHD (14 girls, mean age 7.2 years; 38 boys, mean age 7.8 years) from 27 German centers of pediatric endocrinology participated in a longitudinal trial. The cohort was initially recruited and prospectively followed to create a growth prediction model for growth response to GH treatment of children with GHD (26) . The diagnosis of GHD was based upon a height velocity (HV) below the 25th percentile for age and sex and a maximal GH level of less than 10 mg/l in two standard stimulation tests. The tests used were the arginine test (58.8%; dose 0.5 g per kg body weight up to a maximum of 30 g), the insulin tolerance test (25.5%; dose 0.1-0.05 IU per kg body weight), the clonidine test (11.8%; 0.15 mg per m 2 body surface area, orally), and the glucagon test (3.9%; 0.03 mg/kg body weight, intramuscularly or subcutaneously). To avoid interference due to pubertal growth, only patients who had no clinical signs of puberty and a bone age below 10 years for boys and 9 years for girls were included in the study. Patients with GHD due to a malignancy, chronic illness including inflammatory bowel disease, coeliac disease and eating disorders, and patients with a recognizable clinical syndrome were excluded. Height, weight and HV were converted to standard deviation scores (SDS) using the German reference values reported by Brandt and Reinken (27) . Bone age readings were performed by each participating center according to the method of Greulich and Pyle (28) . Relative bone age retardation was calculated as bone age minus chronological age divided by chronological age. Body mass index (BMI) was calculated as weight (in kg) divided by the square of height (in meters). Weight for height index was given as a percentage, calculated as the quotient of weight and height. Written informed consent was received from the patients' legal representatives and the study was approved by the local ethics review board of each study site.
Study protocol
The study was conducted as an open-label, non-controlled multicenter trial. Pre-treatment auxological measurements were recorded at least 6 months prior to the start of therapy. Follow-up auxological assessments were carried out after 3, 6, 12 and 24 months of GH treatment. Height gain during the study periods was expressed as annualized HV (cm/year). The cohort was divided retrospectively into two subgroups: patients who started GH therapy in the months of March to July (group 1) or patients who started therapy between August and February (group 2). This division into subgroups was based on the observations of Thalange et al.
who reported that in healthy prepubertal English children, growth starts to decrease in August, reaches a nadir in January, and exhibits a marked spurt from March to July (15, 16) . Since there are no major climatic and geographic differences between England and Germany (temperate climate, degree of latitude 58 8 249 8 and 55 8 247.5 8 respectively), the same subdivision was used even though it resulted in time intervals of different lengths (5 vs 7 months)
Therapy
None of the patients in this study had previously been treated with GH. All patients received a standard replacement dose of recombinant human GH (Humatrope; 0.023 mg/kg/day, 7 injections per week) for the entire study period. No other growth-promoting medications were given. Six patients were also treated with thyroid hormones (group 1, n ¼ 4; group 2, n ¼ 2). One patient (group 1), who suffered from combined pituitary hormone insufficiency and adrenal insufficiency received thyroid hormone, hydrocortisone and antidiuretic hormone. All patients received stable replacement doses during the entire study period.
Biochemical parameters
To minimize interassay variation, all laboratory analyses were carried out centrally in specialized laboratories. Serum and urine collections were obtained prior to therapy and at month 1, 3, and 6 after initiation of GH treatment. The 24-h urine sample was collected at home using standardized equipment and samples were sent to the attending physician. Serum and urine samples were stored at 2 20 8C until shipment to the laboratories on dry ice. Urinary deoxypyridinoline (DPD) was analyzed in the osteology laboratory of the University Children's Hospital, Cologne, using a commercially available enzyme immunoassay, according to the manufacturer's instructions (IMMULITE Pyrilinks-D, Metra Biosystems Inc., Mountain View, CA, USA). Urinary concentrations of unglycosylated hydroxylysine (HLY) and its glycoside galactosyl-hydroxylysine (GHL) were determined by reversed phase ion-paired high performance liquid chromatography according to the method of Rauch et al. (29) . Mean intra-assay coefficients of variation for HLY, GHL and DPD were 2.6%, 2.4%, and 5.7% respectively. Interassay variability was 5.5%, 2.5%, and 6.7% respectively. Daily excretion of DPD, HYL and GHL was expressed relative to daily urinary creatinine excretion (Cr). IGF-I and IGFBP-3 were measured in the endocrinology laboratory of the University Children's Hospital, Giessen. Serum analysis of IGF-I was carried out using an IGFBP-blocked radioimmunoassay in the presence of a large excess of IGF-II (Mediagnost, Tü bingen, Germany), as described elsewhere (26) . The intra-assay coefficients of variation ranged from 4.1% to 9.4%, the corresponding interassay coefficients of variation ranged from 5.0% to 8.7%. IGFBP-3 was measured with a specific radioimmunoassay as described by Blum and colleagues (30, 31) . The intra-assay coefficients of variation ranged from 5.4% to 8.6% and the corresponding interassay coefficients of variation were between 8.0% and 10.0%. GH levels were assessed locally in the various study centers using different commercial assay kits. Serum concentration of osteocalcin was determined using a commercially available enzyme immunoassay, according to the manufacturer's instructions (OSCAtest, Henning Berlin GmbH, Berlin, Germany). Serum concentrations of procollagen type I C-terminal propeptide (PICP) were analyzed using the commercially available radioimmunassay (PICP, Orion Diagnostica, Turku, Finland) according to the manufacturer's instructions.
Statistics
The auxologic and biochemical variables are shown as means and S.D., or medians and interquartile range (P25 to P75) (Box and Whisker plots). The significance of differences between the treatment groups was either tested with an unpaired two-tailed t-test (in the case of normal distribution of both samples) or by the MannWhitney test. A P-value , 0.05 was considered statistically significant. Longitudinal changes of auxological and biochemical data were tested for significance using either a paired test or Wilcoxon test, as appropriate. A composite HV regression curve was created to show the seasonal trend of 3-month HV and a fourth order polynomial equation was derived to describe the curve.
Results
Growth response
Plotting HV during the first 3 months versus the month of start of GH treatment exhibited a pattern of higher HV during spring and early summer as compared with late summer, autumn and winter (Fig. 1) . Based on this pattern, patients were divided into two subgroups, those who began GH replacement during the months of March through July and those who started during August to February. Baseline characteristics were not different between the two groups ( Table 1) . HV was significantly enhanced after initiation of GH therapy in all patients, although there was a wide range of growth responses.
A seasonal variation of growth response to GH therapy was demonstrated between the two groups with a significant difference in HV (Table 2) . Treatment started in the spring or early summer led to a better growth in the first 3 months of GH therapy, by 35% (14.3 vs 10.6 cm/year; P , 0.01). The difference, Fig. 2 . Measurements of the change of height during GH therapy, given in height SDS (Fig. 3) , showed the same significant differences, with a better catch-up growth during the first 3 months of GH therapy (P , 0.05), in the first 6 months (P , 0.05), and during the first year of treatment (P , 0.05).
Biochemical parameters
The results of biochemical markers reflecting GH secretion status, bone resorption and bone formation at the start and during GH therapy are shown in Table 3 .
After the start of GH treatment, a significant increase in all biochemical markers was found in our study cohort. While baseline peak GH levels during stimulation tests, serum alkaline phosphatase (AP) and IGF-I were not statistically different between the treatment groups prior to therapy, urinary DPD excretion was higher in group 1. Urinary GHL and HLY changed in the same significant manner shortly after initiation of GH treatment. During treatment, the increase in serum markers of bone formation (osteocalcin, PICP, AP) and IGFBP-3 was greater in group 1, leading to significant differences between the two groups.
Discussion
The present data suggest that the initial growth response to GH therapy in prepubertal children with GHD depends on the season when the therapy is started. During GH administration the children with treatment initiation in spring and early summer showed a significantly higher growth rate during the first year. The improvement in growth was largest in the initial 3-month period of treatment. It seems that, despite the lack of statistical differences in HV in the second year of treatment, GH administration leads to a better total height gain when therapy is started between March and July. It has been shown that the first-year growth response to GH replacement in children is inversely correlated with age (32), bone age retardation (32, 33) , height (34, 35) , nutritional status (10 -12, 20) , weight for height index (32, 35) and height velocity before treatment (34, 35) . Additionally, positive correlations have been shown between HV and GH dose (36, 37) , midparental height (37) and frequency of GH injections (38) . In our study, the two groups did not differ with respect to these variables, indicating that the reported difference in initial HV is due to seasonal effects of GH therapy onset. One may argue that the present difference in gender composition between the two groups could affect overall height gain after 24 months of GH treatment. In our prepubertal study cohort, however, height gain was not statistically different in boys and girls and between the two treatment groups during the two-year observation period. It is likely that this factor may not contribute to the different growth outcome observed between the two groups.
Furthermore, indicators of the GH secretion status such as peak GH levels in stimulation tests, serum IGF-I and IGFBP-3 levels did not differ between the Figure 2 Differences in height velocity between the two subgroups before and after the start of GH therapy. The results are given as Box and Whisker plots which indicate median, interquartile range (P25-P75), and minimum and maximum values. Black boxes, group 1 (GH start March-July); grey boxes, group 2 (GH start August-February). *P , 0.05 between groups; **P , 0.01 between groups (Mann-Whitney test). two groups at baseline. During the first six months of GH treatment, the increase in serum IGF-I was larger in group 1, but the differences between the groups did not reach significance. On the other hand, the increase in IGFBP-3 was significantly greater in group 1. These results are in accordance with reports of other authors who showed that initial changes in serum concentrations of IGF-I, IGFBP-3 and AP are positively correlated with growth response during GH replacement in children with GHD (39) . Because changes in IGF-I and IGFBP-3 levels can be considered surrogate markers of GH responsiveness, these findings support the observation of seasonal variation of growth during GH treatment.
It is noteworthy that different markers of bone degradation and bone formation showed significantly higher values prior to (DPD) or shortly after (GHL, HLY, AP, PICP, osteocalcin) initiation of GH in children who started therapy between spring and early summer. It has been shown that the excretion of collagen crosslinks is higher in states of enhanced bone turnover and reflects the rate of collagen degradation associated with bone remodeling during growth (40, 41) . The excretion of urinary collagen cross-links increases significantly after initiation of GH treatment in children with GH deficiency and is positively correlated to the degree of early growth response to GH therapy (40 -44) . The finding of higher urinary collagen cross-links excretion in group 1 suggests that children with GHD have higher bone turnover during spring and early summer, irrespective of GH therapy. Based on these findings, it may be hypothesized that even baseline growth without GH replacement in such patients shows a seasonal variation.
As the GH dose in this trial was fixed, the occurrence of a significant seasonal difference in growth response suggests that the regulatory mechanisms behind this phenomenon are not related to differences in GH exposure, but to GH responsiveness. The latter is supported by the significantly larger increase in serum IGFBP-3 and AP in group 1 in this study and also by the observation that short-term variations in serum IGF-I are positively correlated to short-term changes in longitudinal growth (39) . It remains unclear whether the seasonal GH effect occurs only via differences in the responsiveness of the IGF system. However, it is more likely that the growth plate, as the primary site of longitudinal growth, is directly affected by seasonal changes of external and internal growth promoting and growth arresting factors resulting in a biphasic seasonal growth pattern.
In conclusion, these data indicate that a seasonal variation in GH responsiveness exists in children with GHD including possible alterations of the growth e P , 0.01 vs group 2; f P , 0.05 vs group 2. # Change from baseline, P , 0.05 between groups; $ change from baseline, P , 0.005 between groups; § change from baseline, P , 0.001 between groups.
plate. The underlying growth modulating mechanisms lead to a biphasic growth pattern showing a peak of height velocity in spring and early summer and a decline in late summer, autumn and winter. However, these results require confirmation in a larger group of individuals before any firm conclusions can be drawn regarding, for instance, the season when GH replacement should be commenced or at what dosage.
